Introduction {#Sec1}
============

CD26, also known as dipeptidyl peptidase (DPPIV), is a multifunctional highly glycosylated integral type II transmembrane protein that is involved in a variety of biological processes.^[@CR1]^ CD26 is widely expressed by epithelial and endothelial cells of different tissues, and its expression is strongly upregulated in activated T cells, B cells, and natural killer (NK) cells.^[@CR2]^ As a serine protease, CD26 cleaves peptides selectively with proline or alanine at the penultimate position of the substrates to modulate their biological activities. A diverse range of bioactive peptides, such as some chemokines, peptide hormones, and neuropeptides, are indicated to be substrates of CD26/DPPIV.^[@CR3]^ In addition to its peptidase activity, CD26 mediates cell adhesion through its interaction with fibronectin and collagen.^[@CR4]^ Moreover, CD26 plays a crucial role in immune regulation.^[@CR5]^ As a co-stimulator, CD26 is involved in T-cell activation and differentiation by its interaction with other molecules with essential cellular functions in T-cell responses, such as adenosine deaminase, CARMA1 and caveolin-1.^[@CR5]^ Owing to its multidisciplinary characteristics, CD26 has been reported to be related to diverse different diseases, such as diabetes mellitus, HIV infection, cardiovascular disease, autoimmune diseases, and malignancies.^[@CR6]--[@CR8]^ Inhibition of DPPIV activity could alter the expression of immune response-related genes, and truncation of certain chemokines by CD26 may affect certain functions of T cells and immune responses. CD26 plays a potential role in different processes crucial for inflammation reaction and transplantation rejection, as well as wound healing. DPPIV inhibitors have recently emerged as antidiabetic drugs because of their reduction of blood glucose through their inhibition of the rapid degradation of incretin hormones glucagon-like peptide-1 and gastric inhibitory polypeptide.^[@CR9]^ Furthermore, CD26 is also suggested as a therapeutic target for other diseases, such as chronic kidney disease, Middle East respiratory syndrome, coronavirus infection, and graft-versus-host disease (GVHD).^[@CR10]--[@CR12]^

Annually, \>11 million people suffer from burn injuries worldwide,^[@CR13]^ and skin transplantation is one of the most important approaches to treating large-area burns. However, skin transplantation also presents one of the challenges in clinical treatment. The long-term survival of allogeneic or xenogeneic skin grafts is difficult to achieve in clinical therapy because of immune rejection. After skin transplantation, dendritic cells of the donor skin migrate out of the graft and present donor antigens that can be recognized by the recipient T cells. Following allorecognition, the recipient T cells become activated, proliferate and secrete proinflammatory cytokines.^[@CR14]^ Cytokines secreted by different T-cell subsets play a crucial role in the activation of effector T cells and macrophages.^[@CR15]^ The inflammatory stage initiates the effector T cells and macrophages to  arrive at the graft site to destroy the graft.^[@CR16]^

Several observations indicate that CD26 contribute to the process of transplant rejection. First, CD26 acts as an important activation marker of T helper 1 (Th1) cells that are associated with the early stage of transplant rejection.^[@CR17]^ Second, recent studies suggest that CD26 is a potential positive marker of interleukin (IL)-17-producing T cells (Th17) and a negative marker of regulatory T cells (Tregs).^[@CR18],\ [@CR19]^ The balance between Th17 and Tregs is critical for allograft rejection and immunological tolerance.^[@CR15],\ [@CR20]^ Moreover, recent studies reported that the strong expression of CD26 was associated with organ transplantation.^[@CR21]^ Understanding the role of CD26, particularly its molecular mechanism in allogeneic graft rejection, is crucial in the development of a novel strategy for inhibiting graft rejection and improving the therapeutic effect in clinical organ transplantation.

In the present study, we compared allogeneic graft rejection between CD26^+/+^ and CD26^--/--^ mice after tail-skin transplantation, measured the percentages of lymphocyte subsets in the spleen and blood of CD26^+/+^ and CD26^--/--^ mice pretransplantation and posttransplantation, and analyzed the secretion levels of cytokines and antibodies in mice sera. Our results demonstrate that the deficiency of CD26 results in delayed and reduced graft immune rejection after murine allogeneic skin transplantation.

Materials and methods {#Sec2}
=====================

Animals {#Sec3}
-------

The donor mice were 8-week-old male BALB/c mice. The recipient mice were 8--12-week-old homozygous CD26^--/--^ mice on the C56BL/6 N genetic background^[@CR22]^ and wild-type C57BL/6N mice. The mice were kept under specific pathogen-free conditions. Experiments were performed on males and females; there were no sex-related differences. The animals were treated according to the German Law on the Protection of Animals, and permission (G0071/14) was obtained from the State Animal Welfare Committees.

Murine tail-skin transplantation {#Sec4}
--------------------------------

To prepare the tail skin from donor mice, the donor mice were sacrificed, and the entire tail was swabbed with 70% ethanol. The tail skin of the donor was incised to an area of 1.0 × 1.0 cm^2^. The recipient mice were anesthetized with isoflurane inhalation, and a circumferential band was shaved on the back of the recipient mice. The shaved back was cleaned with 70% ethanol and allowed to dry. The back skin of the recipient mice was cut to a 1.0 × 1.0 cm^2^ graft bed. The bed skin was removed from the recipient, and the skin graft was placed into the graft bed. The four corners of the grafts were stitched, and the mice were wrapped with bandages. The mice were placed in a clean cage and heated by a red lamp until they moved freely.

Evaluation for necrosis of skin grafts {#Sec5}
--------------------------------------

Seven days after transplantation, bandages were removed; skin grafts were monitored daily and recorded by photographs for up to 15 days. Skin rejection was scored based on the necrotic areas (wrinkled skin) of the skin graft. The necrotic areas were roughly estimated by visual inspection, and six (0--5) different score levels were defined according to the percentage of the necrotic area of the graft. Fully intact smooth grafts or grafts with \<20% necrotic area scored a 5, those with 20--40% necrotic area scored a 4, those with 40--60% necrotic area scored a 3, and those with 60--80% necrotic area scored a 2, 80--100% (but not removed) scored a 1, and samples with the graft fully removed scored a 0.

Preparation of mouse spleen lymphocytes (MSLs) and mouse peripheral blood lymphocytes (MPBLs) and the analysis of lymphocyte subpopulations by flow cytometry {#Sec6}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

MSLs were isolated as published previously.^[@CR23]^ For the separation of MPBLs, peripheral blood was collected with MiniCollect Tubes (Greiner Bio-One, Austria), and erythrocytes were lysed with lysing solution (BD FACS^TM^ Lysing Solution). Following antibody staining, the subpopulation of lymphocytes was measured by flow cytometry. Mice monoclonal antibodies (mAbs) were used for multi-parameter flow cytometric analysis: allophycocyanin (APC)-conjugated anti-CD3, phycoerythrin (PE)-conjugated anti-NK1.1, fluorescein isothiocyanate (FITC)-conjugated anti-CD19, FITC-conjugated anti-CD4, PE-conjugated anti-CD8, and PE-conjugated anti-IL-17 were obtained from BioLegend (London United Kingdom); and PE-conjugated anti-CD25 and APC-conjugated anti-FoxP3 were provided by ImmunoTools (Friesoythe; Germany). Lymphocytes were incubated with antibodies in 1% (w/v) bovine serum albumin/phosphate-buffered saline (PBS) at 4 °C for 1 h in the dark. Cells were washed twice with PBS and analyzed by flow cytometry (BD Biosciences). WinMDI2.9 software was used to analyze the percentages of different lymphocyte subpopulations.

Measurement of immunoglobulin (Ig) production in sera {#Sec7}
-----------------------------------------------------

Blood samples were collected from mouse tails and clotted for 1 h at room temperature. After centrifugation, the sera were transferred into new tubes and stored at --20 °C for further analysis. To quantify serum Igs, we used an enzyme-linked immunosorbent assay (ELISA) as described previously by our group.^[@CR23]^ Briefly, anti-mouse Ig polyclonal antibody (ImmunoTools, Friesoythe; Germany) was used as a coating Ab for IgG, IgG1, and IgG2a. Biotin-labelled anti-mouse IgG, IgG1, or IgG2a mAbs (BD Pharmingen) was used as a detecting Ab.

Measurement of cytokines secretion in serum {#Sec8}
-------------------------------------------

Interleukin concentrations in serum were determined by ELISA kits from eBioscience (interferon (IFN)-γ, IL-2, IL-4, and IL-6), R&D Systems (IL-10, IL-5, and IL-13), and Biolegend (IL-17). The procedure was performed according to the instructions provided by the corresponding manufacturer.

Immunohistofluorescence analysis {#Sec9}
--------------------------------

After tail-skin transplantation, the skin grafts of the recipient mice were collected on day 7 after transplantation and placed onto a prelabeled tissue base mold. The entire tissue block was covered with optimal cutting temperature compound, and the tissue block was stored at --20 °C within 1 month until it was ready for sectioning. The desired thickness of frozen sections was 5--10 μm. After frozen-section cutting, the tissue sections were fixed with pre-cooled acetone for 10 min and then washed with PBS. Tissue sections were first incubated with primary Abs overnight at 4 °C. After being washed with PBS, these sections were further incubated with FITC-labeled secondary Ab for 1 h. Following the washing steps, the sections were incubated with Hoechst 33,342 (Thermo Fisher Scientific) for nuclear staining. The Abs used in the present experiment were rat anti-mouse monoclonal Abs against CD14 (25 mg/mL) (R&D System), CD3 (25 mg/mL) (BioLegend), CD4 (25 mg/mL) (BioLegend), and CD8 (25 mg/mL) (ImmunoTools). The tissue from the donor mice served as a control.

Statistical analysis {#Sec10}
--------------------

All data were obtained from three or more independent experiments, and the values represent the means ± SD of at least seven mice in each group. Significant differences between CD26^--/--^ mice and CD26^+/+^ mice were calculated by ANOVA-analysis. Differences between groups were considered significant at *p* \< 0.05, *p* \< 0.01, *p* \< 0.005, and *p* \< 0.001.

Results {#Sec11}
=======

Lower necrotic level and delayed rejection of skin graft in CD26^--/--^ mice {#Sec12}
----------------------------------------------------------------------------

CD26^+/+^ mice and CD26^--/--^ mice were transplanted with BALB/c tail skin (*n* ≥ 10 per group). Seven days after transplantation, bandages were removed; necrotic areas (black spots) of skin grafts were monitored daily and recorded by photographs up to 15 days posttransplantation (Fig. [1a](#Fig1){ref-type="fig"}). Six different score levels (0--5) were defined according to the necrotic area of the mouse skin graft posttransplantation (Fig. [1b](#Fig1){ref-type="fig"}). Statistical analysis indicated that the necrotic levels of skin grafts were lower in CD26^--/--^ mice than in CD26^+/+^ mice from day 7 to day 15 (Fig. [1c](#Fig1){ref-type="fig"}), and the graft rejection of CD26^--/--^ mice was significantly slower than that of CD26^+/+^ mice (*p* \< 0.001) (Fig. [1d](#Fig1){ref-type="fig"}). This finding suggests involvement of CD26 in graft rejection.Fig. 1Allograft rejection of CD26^+/+^ and CD26^--/--^ mice.**a** Skin allograft appearance of CD26^+/+^ (upper panel) and CD26^--/--^ mice (lower panel) from day 7 to 15 posttransplantation. **c** Statistical analysis of the necrotic levels of grafts from day 7 to day 15 posttransplantation. **b** Different score levels indicate different necrotic areas of the mice skin allograft. **d** The graft survival rate in CD26^+/+^ and CD26^--/--^ mice within 15 days posttransplantation. The values in **c** and **d** represent the mean values ± SD of at least 17 mice at each time point. The data were analyzed with GraphPad 6; *p*-values were calculated with a Chi-square test

Markedly less IgG, particularly IgG1, in serum of CD26^--/--^ mice after allogeneic skin transplantation {#Sec13}
--------------------------------------------------------------------------------------------------------

To understand the underlying molecular mechanisms of CD26 in allogeneic graft rejection, the production of IgG, as well as IgG1 and IgG2a, in mice serum at different time points was measured by ELISA after skin transplantation. The production of these antibodies in mice serum elevated rapidly until day 15 posttransplantation (Fig. [2](#Fig2){ref-type="fig"}). The production levels of IgG and IgG2a in CD26^+/+^ mice were highest on day 11, while maximum IgG1 production was reached on day 15 posttransplantation. However, on days 7 and 11 posttransplantation, the concentration levels of serum IgG in CD26^--/--^ mice were significantly lower than those in CD26^+/+^ mice. The concentrations of IgG in CD26^+/+^ mice were 1.7- and 2-fold higher than those in CD26^--/--^ mice (6640 vs. 3868 μg/mL, *p* \< 0.05 and 12,027 vs. 6912 μg/mL, *p* \< 0.05) on days 7 and 11, respectively (Fig. [2a](#Fig2){ref-type="fig"}). Further analysis demonstrated that the concentrations of both IgG isotypes IgG1 and IgG2a were also remarkably lower in CD26^--/--^ mice; in particular, the levels of IgG1 on days 7 and 11 in the serum of CD26^--/--^ mice were only approximately 44% of those in the serum of CD26^+/+^ mice (1054 μg/mL vs. 2355 μg/mL and 1247 μg/mL vs. 2868 μg/mL, respectively) (Fig. [2b, c](#Fig2){ref-type="fig"}). These results suggest a delayed and insufficient immune response of CD26-deficient mice to the allogeneic transplantation.Fig. 2Levels of IgG, IgG1, and IgG2a in the serum of mice after skin transplantation.Blood was taken at the indicated time points after skin transplantation (day 0 represents the day before transplantation). Serum concentrations of **a** IgG, **b** IgG1, and **c** IgG2a were measured by ELISA. Values represent the means ± SD of at least eight mice at each time point.

Reduced percentage of CD8^+^ cells in the MPBLs of CD26^--/--^ mice after allogeneic skin transplantation {#Sec14}
---------------------------------------------------------------------------------------------------------

To clarify why CD26^--/--^ mice produced lower IgGs after skin transplantation, the proliferation and differentiation of lymphocytes in both types of mice were investigated. As the highest distinct secretions of IgGs were observed on day 7 posttransplantation, the percentages of different lymphocyte subpopulations in MPBLs and MSLs of CD26^+/+^ mice and CD26^--/--^ mice on days 0 (i.e., before transplantation) and 7 after skin transplantation were measured. Before transplantation, the percentages of CD3^+^, CD4^+^, and CD4^+^NK1.1^--^ cells in both MPBLs and MSLs of CD26^--/--^ mice were lower than those in CD26^+/+^ mice, while the percentages of CD8^+^ and CD19^+^ did not differ significantly between the two mice types (Fig. [3a, d](#Fig3){ref-type="fig"}). However, relative to pretransplantation, the percentage of CD3^+^ cells of MPBLs was increased, while that of CD19^+^ cells was decreased in both mice types on day 7 posttransplantation (Fig. [3b](#Fig3){ref-type="fig"}), indicating a proliferation of CD3 T lymphocytes after skin transplantation. Nevertheless, no significant changes were detected in the percentages of CD4^+^ and CD4^+^NK1.1^--^ cells between pretransplantation and posttransplantation. Interestingly, the percentage of CD8^+^ cells showed no significant differences in MPBLs between CD26^+/+^ and CD26^--/--^ mice before skin transplantation; however, at day 7 posttransplantation, CD8^+^ cells in CD26^--/--^ MPBLs was 11% lower than that in CD26^+/+^ MPBLs (15.27 vs. 17.10%, *p* \< 0.05), indicating a reduced activation and proliferation of CD8^+^ cells in CD26^--/--^ mice in response to allogeneic transplantation.Fig. 3Percentages of MPBL and MSL subpopulations in mice.Lymphocytes were prepared and analyzed by flow cytometry. Percentages of MPBL subpopulations before (**a**) and on day 7 posttransplantation (**b**). FACS dot plot of CD8^+^ cells in MBPLs of mice (**c**). Percentages of MSL subpopulations before (**d**) and on day 7 posttransplantation (**e**). The values represent the means ± SD of 8 mice. SSC side scatter

In MSLs, the percentage difference in CD3^+^, CD4^+^, and CD4^+^NK1.1^--^ between the two types of mice decreased posttransplantation compared with pretransplantation levels. In CD26^--/--^ mice, the percentage of CD4^+^ cells was lower than that in CD26^+/+^ mice before and after transplantation, while no significant percentage difference in CD3^+^ and CD4^+^NK1.1^--^ cells between CD26^--/--^ and CD26^+/+^ mice could be found posttransplantation.

Lower levels of IL-2, IFN-γ, IL-6, IL-4, and IL-13 but higher level of IL-10 in serum of CD26^--/--^ mice after allogeneic skin transplantation {#Sec15}
-----------------------------------------------------------------------------------------------------------------------------------------------

As shown, CD26^--/--^ mice presented a lower percentage of CD4^+^ cells in both MPBLs and MSLs before and after skin transplantation and a lower percentage of CD8^+^ cells in MPBLs after skin transplantation. Further investigation was necessary to clarify the differentiation and effects of lymphocyte subpopulations of CD26^--/--^ mice after skin transplantation. For this purpose, cytokine secretions, which serve as specific signals for lymphocyte differentiation and effects, were determined after skin transplantation.

The cytokine levels in serum at different time points were analyzed by ELISA. Figure [4](#Fig4){ref-type="fig"} shows that all measured cytokines were secreted after skin transplantation. The concentrations of these cytokines peaked on day 7 posttransplantation, except for IL-13, which peaked on day 4 posttransplantation. Notably, the levels of Th1 cytokines, IL-2 and IFN-γ (Fig. [4a, b](#Fig4){ref-type="fig"}) in the serum of CD26^--/--^ mice were much lower than that in the serum of CD26^+/+^ mice. On day 7 posttransplantation, the level of IFN-γ in the serum of CD26^--/--^ mice was only one-third of that in the serum of CD26^+/+^ mice (3.54 pg/mL vs. 10.45 pg/mL) and the level of IL-2 in the serum of CD26^--/--^ mice was approximately 60% of that in the serum of CD26^+/+^ mice. This finding suggests reduced differentiation and functions of Th1 cells in CD26^--/--^ mice after allogeneic skin transplantation.Fig. 4Determination of cytokine secretion in the serum of CD26^+/+^ and CD26^--/--^ mice by ELISA.Blood was taken at the indicated times before and after allogeneic skin transplantation (day 0 represents the day before transplantation). The levels of IFN-γ (**a**), IL-2 (**b**), IL-4 (**c**), IL-6 (**d**), IL-13 (**e**), IL-5 (**f**) and IL-10 (**g**) were measured by ELISA. The values represent the means ± SD of at least seven mice at each time point

Interestingly, levels of different Th2 cytokines in the serum of CD26^--/--^ mice were different compared with those in the serum of CD26^+/+^ mice. The level of IL-4 (Fig. [4c](#Fig4){ref-type="fig"}) in the serum of CD26^--/--^ mice was significantly lower than that in the serum of CD26^+/+^ mice (15.26 pg/mL vs. 26.01 pg/mL at day 7 posttransplantation, *p* \< 0.05), and the level of IL-13 (Fig. [4e](#Fig4){ref-type="fig"}) in CD26^--/--^ mice was markedly lower than that in CD26^+/+^ mice (119.24 pg/mL vs. 167.38 pg/mL at day 4 posttransplantation, *p* \< 0.01). In contrast, the concentration of IL-5 in serum between both types of mice did not show any significant differences (Fig. [4f](#Fig4){ref-type="fig"}), while the concentration of IL-10 in CD26^--/--^ mice at day 7 posttransplantation was 38% higher than that in CD26^+/+^ mice (Fig. [4g](#Fig4){ref-type="fig"}). Notably, the IL-6 level in the serum of CD26^--/--^ mice on day 1 after skin transplantation was significantly lower than that in the serum of CD26^+/+^ mice; on day 7, the concentration of IL-6 in CD26^--/--^ mice was only one-third of that in CD26^+/+^ mice. This finding suggests a difference in the differentiation and immune response of Th2 cells in CD26^--/--^ mice to allogeneic skin transplantation.

Decreased Th17 lymphocytes and increased Treg cells in CD26^--/--^ mice after allogeneic skin transplantation {#Sec16}
-------------------------------------------------------------------------------------------------------------

Given that IL-6 is essential to the differentiation of CD4^+^ cells into the Th17 subpopulation and the important role this subpopulation plays during inflammation, the amount of IL-17---which is a typical cytokine of the Th17 subset---was determined by ELISA. The release of IL-17 in the serum of both types of mice increased and peaked on day 7 after transplantation (Fig. [5a](#Fig5){ref-type="fig"}). The level of IL-17 was significantly lower in the serum of CD26^--/--^ than that in CD26^+/+^ mice. On day 4 after transplantation, the concentration of IL-17 in CD26^--/--^ mice was only 80% of that in CD26^+/+^ mice (385 pg/mL vs. 477 pg/mL), and on day 7, the level of IL-17 in CD26^--/--^ was reduced to 76% of that in CD26^+/+^ mice (455 pg/mL vs. 597 pg/mL). The percentages of cells secreting IL-17 (Th17 cells) in CD4^+^ cells of MPBLs were comparable between the two mice types before transplantation, while the percentage of Th17 cells in CD4^+^ cells of CD26^--/--^ mice was nearly half of that of CD26^+/+^ mice (22.77 vs. 44.88%, *p* \< 0.01) on day 7 after transplantation (Fig. [5b](#Fig5){ref-type="fig"}).Fig. 5Analysis of the IL-17 secretion and percentage of Th17 cells in CD4^+^ cells of MPBLs in CD26^+/+^ and CD26^--/--^ mice.Blood was taken at the indicated times before and after allogeneic skin transplantation (day 0 represents the day before transplantation). The secretion of IL-17 in serum was analyzed by ELISA, and the percentages of Th17 cells in CD4^+^ cells were analyzed by flow cytometry. **a** The secretion of IL-17 in the serum of CD26^+/+^ mice and CD26^--/--^ mice. **b** The percentage of Th17 cells in CD4^+^ cells of CD26^+/+^ and CD26^--/--^ mice on the day before transplantation and on day 7 posttransplantation. The values represent the means ± SD of at least 7 mice at each time point. **c** Upper panels: Dot plot of percentage of CD4^+^ cells of MPBLs in CD26^+/+^ and CD26^--/--^ mice. Lower panels: Dot plot of percentage of Th17 cells in CD4^+^ cells

Given that the balance between Th17 and Tregs is critical for allograft rejection and immunological tolerance, the expression of biomarkers of Tregs (CD4^+^CD25^+^ and CD4^+^CD25^+^Foxp3^+^) was analyzed by flow cytometry. We found that the percentages of CD4^+^CD25^+^Foxp3^+^ in the peripheral blood and spleen did not exhibit any difference between CD26^+/+^ and CD26^--/--^ mice before transplantation (left panel of Fig. [6a, c](#Fig6){ref-type="fig"}). However, on day 15 posttransplantation, the percentage of CD25^+^ cells in CD4^+^ cells of CD26^--/--^ MPBLs was nearly two-fold that of CD26^+/+^ mice (10.62 vs. 5.42%), and the percentage of CD25^+^ in CD4^+^ cells of CD26^--/--^ MSLs was 48% higher than that of CD26^+/+^ MSLs (10.39 vs. 7.00%) (right panel of Fig. [6a, c](#Fig6){ref-type="fig"}). Consistent with these data on day 15 posttransplantation, the percentage of CD25^+^Foxp3^+^ cells in CD4^+^ cells of CD26^--/--^ MPBLs was 30% higher than that of CD26^+/+^ MPBLs (4.62 vs. 3.64%), while the percentage of CD25^+^Foxp3^+^ cells in the CD4^+^ subpopulation of CD26^--/--^ MSLs was 50% higher than that of CD26^+/+^ MSLs (3.18 vs. 2.02%) (right panel of Fig. [6a, c](#Fig6){ref-type="fig"}).Fig. 6Percentage of Tregs in CD26^+/+^ and CD26^--/--^ mice.The lymphocytes of MPBLs and MSLs were separated before and on day 15 after transplantation. The percentages of Tregs (CD4^+^CD25^+^ and CD4^+^CD25^+^Foxp3^+^) in MPBLs and MSLs were analyzed by flow cytometry. **a** Percentages of CD25^+^ and CD25^+^Foxp3^+^ cells in CD4^+^ cells of MPBLs. The values represent the means ± SD of at least seven mice at each time point. **b** FACS analysis of the percentage of CD4^+^ cells in MPBLs and percentages of CD25^+^ and CD25^+^Foxp3^+^ cells in CD4^+^ cells of MPBLs in CD26^+/+^ and CD26^--/--^ mice on day 15 after skin transplantation. **c** Percentages of CD25^+^ and CD25^+^Foxp3^+^ cells in CD4^+^ cells of MSLs. The values represent the means ± SD of at least seven mice at each time point. **d** FACS analysis of the percentage of CD4^+^ cells in MSLs and percentages of CD25^+^ and CD25^+^Foxp3^+^ cells in CD4^+^ cells of MSLs in CD26^+/+^ and CD26^--/--^ mice on day 15 after skin transplantation. SSC side scatter

These data suggest that the deficiency of CD26 resulted in the reduced differentiation of CD4^+^ cells into Th17 cells while increasing the differentiation of CD4^+^ cells into Tregs, which could contribute to the immune tolerance and retarded graft rejection in CD26^--/--^ mice observed after allogeneic transplantation.

Reduction of infiltration of macrophages and T lymphocytes in the graft tissue in CD26^--/--^ mice {#Sec17}
--------------------------------------------------------------------------------------------------

The infiltration of macrophages (CD14^+^) and T cells (CD3^+^, CD4^+^, and CD8^+^) in the graft tissue of CD26^+/+^ and CD26^--/--^ mice was determined by immunohistofluorescence analysis. In graft tissues of both CD26^+/+^ and CD26^--/--^ mice, clusters of CD14^+^ macrophages were detected on day 7 after transplantation (Fig. [7a](#Fig7){ref-type="fig"}); however, the frequency of these clusters in grafts of CD26^--/--^ mice was obviously lower, the area of the clusters in the grafts of CD26^--/--^ mice was relatively smaller, and the number of macrophages in the grafts of CD26^--/--^ mice was significantly less than that in the grafts of CD26^+/+^ mice, suggesting reduced infiltration of macrophages in the grafts of CD26^--/--^ mice (Fig. [7a](#Fig7){ref-type="fig"}). Infiltration of T lymphocytes (CD3^+^) was also found in the grafts of both types of mice on day 7 posttransplantation (Fig. [7b](#Fig7){ref-type="fig"}). As shown, the number of infiltrated CD3^+^ cells in CD26^--/--^ mice was clearly less than that in CD26^+/+^ mice on day 7 after skin transplantation (Fig. [7b](#Fig7){ref-type="fig"}). Further analysis showed that the T-cell subsets of CD4^+^ cells and CD8^+^ cells were both infiltrated in the graft tissues of the two types of mice after skin transplantation. The numbers of infiltrated cells of both types, particularly CD8^+^ cells, were less distinct in CD26^--/--^ mice than in CD26^+/+^ mice (Fig. [7c, d](#Fig7){ref-type="fig"}). However, no obvious infiltration of B lymphocytes (CD19^+^) was detected for either type of mouse after skin transplantation (data not shown).Fig. 7Determination of infiltrated macrophages and T lymphocytes in grafts of CD26^+/+^ and CD26^--/--^ mice after skin transplantation.The tail skin before transplantation was collected as a control; graft tissues of CD26^+/+^ and CD26^--/--^ mice were obtained on day 7 after transplantation. The frozen sections of skin graft were stained with monoclonal antibody against mouse CD14, CD3, CD4, or CD8, and the nucleus was then counterstained with Hoechst 33,342. **a**--**d** Immunofluorescence analysis results of infiltrated CD14^+^ cells, CD3^+^ cells, CD4^+^ cells, or CD8^+^ cells in the grafts of CD26^+/+^ and CD26^--/--^ mice, respectively. Photographs are shown at 400× magnification

Discussion {#Sec18}
==========

Finding an effective way to inhibit immune rejections is one of the most important strategies for supporting clinical transplantations. Recently, studies concerning organ transplantation demonstrated that the application of DPPIV inhibitor or the anti-CD26 mAb increased the engraftment of donor cells and decreased acute GVHD, respectively, and indicated CD26 as a novel target for therapeutic intervention in GVHD disease.^[@CR11]^ To clarify the role of CD26 in allogeneic graft rejection, CD26 knockout mice were used in an allogeneic skin transplantation study. We found that CD26^--/--^ mice presented a lower necrotic degree of grafts and delayed allograft rejection (Fig. [1](#Fig1){ref-type="fig"}).

CD26 is an activation marker of T and B lymphocytes and NK cells. As a costimulatory molecule, CD26 mediates T-cell signal transduction processes through its interaction with adenosine deaminase, CD45, caveolin-1, or CARMA1.^[@CR5]^ Blockade of CD26-mediated T-cell co-stimulation induced anergy in CD4^+^ T cells.^[@CR24]^ In the present work, a lower percentage of CD3^+^, as well as CD4^+^ cells, were found in MPBLs and MSLs of CD26^--/--^ mice both pre- and post-skin transplantation (Fig. [3](#Fig3){ref-type="fig"}). In addition, infiltration of CD3^+^ and CD4^+^ cells was detected to a lower degree in the graft tissues of CD26^--/--^ mice than in CD26^+/+^ mice after skin transplantation (Fig. [7b, c](#Fig7){ref-type="fig"}). This finding indicates that CD26 deficiency results in impaired development, maturation, and function of CD4^+^ cells, which corresponds to our previous findings.^[@CR23]^ Interestingly, the percentage of CD8^+^ cells in MPBLs of CD26^--/--^ mice was the same as in CD26^+/+^ mice before transplantation; however, the percentage was significantly lower in CD26^--/--^ than in CD26^+/+^ mice after skin transplantation (Fig. [3](#Fig3){ref-type="fig"}). The infiltration number of CD8^+^ cells in the skin grafts was distinctly lower in CD26^--/--^ than in CD26^+/+^ mice after skin transplantation. These findings suggest reduced proliferation, activation, and function of CD8^+^ cells in CD26^--/--^ mice in response to allogeneic antigens. CD8^+^ T cells are a prominent component of the allogeneic T-cell repertoire induced after allogeneic transplantation in mice; their cytotoxic activity is directed toward donor major histocompatibility complex (MHC) class I peptides.^[@CR25]^ The reduced percentage of CD8^+^ cells in CD26^--/--^ mice (Fig. [3](#Fig3){ref-type="fig"}) after allogeneic transplantation may partly contribute to the reduced necrotic degree of grafts and delayed allograft rejection. Moreover, the percentages of CD3^+^, CD4^+^, and CD4^+^NK1.1^--^ cells of MSLs were lower in CD26^--/--^ mice than in CD26^+/+^ mice before transplantation, but the difference was reduced after transplantation. It was reported that the inhibition of CD26 increased donor cell homing and improved allogeneic engraftment.^[@CR26]^ The decrease in the percentage difference of CD3^+^ and CD4^+^ cells of MSLs between the two types of mice after transplantation may be due to the increased homing of those cells to the spleen in CD26^--/--^ mice.

Allograft rejection is primarily driven by host T cells. While all components of the innate and adaptive immune systems participate in graft rejection, T lymphocytes and, in particular, CD4^+^ cells are of paramount importance in this process.^[@CR27]^ Once activated, CD4^+^ T cells primarily direct the progression of the response by secreting cytokines that activate, expand, and/or recruit other effector cells, such as macrophages, CD8^+^ T cells, and B cells.^[@CR27],\ [@CR28]^ Through further analysis of cytokine levels in both types of mice, markedly reduced secretion of IL-2, IFN-γ, IL-6, IL-17, IL-4, and IL-13 was found in the serum of CD26^--/--^ mice after allogeneic transplantation (Fig. [4](#Fig4){ref-type="fig"}). This reduced secretion may have been caused by a lower number of CD4^+^ cells in CD26^--/--^ mice before transplantation; however, impaired differentiation and function of CD4^+^ cells in response to the allogeneic antigen in CD26^--/--^ mice should be considered. Low serum levels of IL-2, IFN-γ, and IL-6 indicate partly defective differentiation and function for Th1 cells, while low levels of IL-4 and IL-13 indicate insufficient differentiation and function of Th2 cells in CD26^--/--^ mice.

As a key cytokine, IFN-γ exhibits diverse and potentially contradictory effects on organ allograft rejection.^[@CR29]^ IL-2 is another Th1-associated cytokine that also has complex effects on allograft rejection.^[@CR30]^ Both IFN-γ and IL-2 are pleiotropic cytokines and play an important role in the proliferation of T and B cells during the inflammatory reaction. The cytokines first act as molecules initiating T-cell growth and survive during the immune response and then reinforce the Th1 response with positive feedback.^[@CR29],\ [@CR30]^ In acute rejection, Th1 cells predominantly infiltrate into grafts, in which IL-2 and IFN-γ can induce the activation of NK cells and macrophages, which are strong weapons for destroying allografts.^[@CR29],\ [@CR30]^ Furthermore, IFN-γ induces the expression of class II MHC molecules and the secretion of IgG2a and IgG3 from activated B cells. In an acute rejection model, IFN-γ^--/--^ mice showed delayed skin graft rejection.^[@CR31]^ Several studies have reported that tolerance to allograft rejection is mediated at least in part by IL-4, a typical cytokine of Th2 cells, by promoting IL-10 and IgG1 production.^[@CR32]^ Other studies have provided conflicting results, indicating that the administration of Th2 inhibitor prolongs cardiac allograft survival.^[@CR33]^ IL-13, which shows the effects similar to those of IL-4, is another cytokine associated with the Th2 response; IL-13 shares a receptor chain (IL-4R α-chain) with IL-4 but differs in the target cells involved, which results in a series of different biological events.^[@CR32]^ An increasing number of studies have demonstrated that the cytokines of both Th1 and Th2 cells, such as IL-2, IFN-γ, and IL-4, are capable of supporting B-cell clonal expansion and antibody synthesis.^[@CR28],\ [@CR34]^ CD26 deficiency results in impaired differentiation and function of Th1 and Th2 cells in CD26^--/--^ mice. Low levels of Th1 cytokines IFN-γ and IL-2 could result in a decrease in the proliferation of CD8^+^ cells (Fig. [3](#Fig3){ref-type="fig"}) and activation of macrophages, thereby reducing the infiltration of CD8^+^ cells and macrophages into grafts (Fig. [7](#Fig7){ref-type="fig"}) during allograft rejection. On the other hand, low levels of IFN-γ, IL-2, and IL-4 in CD26^--/--^ mice after allogeneic transplantation could impair the activation and differentiation of B cells, reducing antibody production (Fig. [2](#Fig2){ref-type="fig"}).

Immune rejection is a complex process that involves a cellular as well as a humoral immune response and is characterized by the production of antibodies by B lymphocytes. IgG, the main component of serum Igs and a common pathogenic antibody in patients with transplant rejection, plays an indispensable role in damaging grafts during transplant rejection.^[@CR35]^ In our present work, low production of IgG and its subsets, IgG1 and IgG2a, was detected in the serum of CD26^--/--^ mice (Fig. [2](#Fig2){ref-type="fig"}). This result corresponds to our previous findings demonstrating that antibody production was clearly lower in CD26^--/--^ mice than in CD26^+/+^ mice either after ovalbumin immunization or after pokeweed mitogen stimulation.^[@CR23],\ [@CR36]^ This finding indicates that the differentiation of B cells was impaired by CD26 deficiency. In T-cell-dependent B-cell activation, an interaction between B cells and Th cells and certain cytokines of Th1 and Th2 are required to support B-cell clonal expansion and antibody synthesis. In CD26^--/--^ mice, a low percentage of Th cells (CD4^+^) (Fig. [3](#Fig3){ref-type="fig"}) and low production of IL-2 and IL-4 (Fig. [4](#Fig4){ref-type="fig"}) could lead to impaired activation and differentiation of B cells, thus reducing IgG production. IgG is a major component that mediates allorecognition between exogenous antigens and recipient CD8^+^ cells during graft rejection.^[@CR37]^ Low IgG production in CD26^--/--^ mice (Fig. [2](#Fig2){ref-type="fig"}) may therefore result in the reduction of graft attack by effector cells.

Interestingly, the secretion level of IL-10 was higher in CD26^--/--^ mice (Fig. [4G](#Fig4){ref-type="fig"}). Supporting our results, CD26/DPPIV blockade has been shown to improve lung allograft transplantation and increase the expression of IL-10.^[@CR38]^ IL-10 is known to be an anti-inflammatory cytokine; IL-10 has been reported to downregulate the expression of Th1 and Th17 cytokines in the inflammation process, particularly during Treg cell signaling.^[@CR39]^ Various cell types produce IL-10, including Th2 and macrophages, as well as regulatory T cells.^[@CR40]^ In CD26^--/--^ mice, the high levels of IL-10 secretion (Fig. [4g](#Fig4){ref-type="fig"}) might have been the result of a high percentage of Tregs (Fig. [6](#Fig6){ref-type="fig"}). Notably, in response to allogeneic transplantation, high levels of IL-6 were detected in the serum of CD26^+/+^ mice from the first day and peaked on day 7 after transplantation; however, only a small amount of IL-6 was detected in the serum of CD26^--/--^ mice until day 7 after transplantation (Fig. [4d](#Fig4){ref-type="fig"}). Recent studies have demonstrated that IL-6 plays a very important role in regulating the balance between IL-17-producing Th17 cells and Tregs.^[@CR41]^ Thus the low level of IL-17 and high percentage of Tregs observed in CD26^--/--^ mice in this study (Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}) could have been partly due to reduced IL-6 function and excess IL-10 activity.

In addition, it has been reported that human Th17 cells are characterized by high expression of CD26,^[@CR18]^ which is a negative selection marker for human Tregs,^[@CR19]^ suggesting that CD26 is involved in the differentiation and function of Th17 cells but is not related to Tregs. It is therefore not surprising that an impaired balance of differentiation of Th17 and Tregs was observed in CD26^--/--^ mice. Although allograft rejection is traditionally associated with Th1 differentiation, many recent studies showed that Th17 cells and IL-17 were closely associated with allograft rejection.^[@CR42]^ Th17 cells are a more recent addition to the T-cell paradigm, while IL-17, a key Th17 cytokine, is a pro-inflammatory factor.^[@CR43]^ Accumulating evidence suggests that Th17 cells play a role in the development of chronic allograft injury in the transplantation of various organs. The hallmark of Th17 cell-mediated allograft rejection is IL-17\'s ability to recruit neutrophils, which are one of the first inflammatory effector cells capable of infiltrating the allograft after transplantation, thereby causing allograft damage.^[@CR42]^ Conversely, Tregs play a crucial role in the immune tolerance and negative control of various immune responses through the suppression or downregulation of other effector T cells during immune rejection.^[@CR44]^ It was reported that the inhibition of CD26/DPPIV promotes the secretion of TGF-β1 which is essential for the differentiation of Tregs.^[@CR45]^ For the development and function of CD4^+^CD25^+^ Treg cells, forkhead transcription factor (Foxp3) is required.^[@CR46]^ IL-10 is reported to be an important factor in maintaining FoxP3 expression.^[@CR47]^ The high level of IL-10 observed in CD26^--/--^ mice (Fig. [4g](#Fig4){ref-type="fig"}) may have benefitted the expression of FoxP3. The reduced Th17 activity and increased Tregs\' percentage in MSLs and MPBLs of CD26^--/--^ mice after allogeneic transplantation are assumed to be the most important reason for the reduced necrosis of the graft and delayed allograft rejection in CD26^--/--^ mice.

Certain chemokines contribute to the infiltration of macrophages into graft tissues, such as monocyte chemotactic proteins (MCP-1, -2, -3), macrophage colony-stimulating factor (M-CSF or CSF-1), and chemokine ligand 5 (CCL5 or RANTES (regulated and normal T cell expressed and secreted)).^[@CR48]^ As substrates of DPPIV/CD26, MCPs and RANTES can be truncated by DPPIV, followed by the alteration of their chemotactic.^[@CR3]^ It was found that MCP with an amino-terminal Lys can be cleaved by CD26/DPPIV and may result in the inactivation of its chemotaxis; however, MCP with an NH2-terminal pGlu remained unaffected.^[@CR49]^ The effect of CD26 on the different isoforms of MCP involved in macrophage chemotaxis during skin transplantation should be further investigated. The truncation of CCL5/RANTES by DPPIV was reported to decrease its binding to chemokine receptor 1 (CCR1) and CCR3 but increased its binding to CCR5, contributing to macrophage recruitment in renal grafts.^[@CR48]^ The CD26 deficiency of CD26^--/--^ mice likely reduced the activity of CCL5/RANTES binding to CCR5 and resulted in the reduction of macrophage infiltration into grafts.

CD26 is a multifunctional protein, exhibiting either enzymatic activity or interacting with different molecules. Recent studies have reported that CD26/DPPIV is involved in cutaneous wound healing. Higher rates of wound closure, revascularization, and cell proliferation were observed in CD26^--/--^ mice, and DPPIV inhibitor showed a potential benefit in wound healing.^[@CR50]^ In the case of skin transplantation, CD26 is involved not only in immune rejection but also in the wound healing process; thus CD26 plays a Janus-like role in engraftment and rejection. In the present work, the necrotic level in grafts and the levels of IgG and related cytokines in the serum of CD26^--/--^ mice were markedly lower than those of CD26^+/+^ mice. However, from day 13 posttransplantation, the grafts were removed and the wounds healed quickly in CD26^--/--^ mice. The reduction of allograft rejection in CD26^--/--^ mice, as observed in our present work, may be partly counteracted by the enhancement of wound healing, where CD26 is involved in both processes.

In conclusion, our results indicate that CD26 is involved in allogeneic graft rejection. CD26 deficiency resulted in partly impaired differentiation of Th1, Th2, and Th17 subpopulations but increased the percentage of Tregs. In turn, reduced functions of Th1, Th2, and Th17 affected the differentiation of B cells and decreased the activities of CD8^+^ cells and macrophages, leading to lower production of IgGs and delayed allograft rejection in CD26^--/--^ mice.

Outlook {#Sec19}
=======

Skin transplantation is a complex process. In the current work, we demonstrated that CD26 deficiency could result in delayed allograft rejection in allogeneic skin transplantation. The underlying mechanisms should be further investigated and elucidated, such as the activation and differentiation of B cells and macrophages after allogeneic transplantation in CD26^--/--^ mice, the influence of CD26-deficient on activities of certain chemokines as well as on the infiltration of macrophages, and the mechanism that drives Tregs in CD26^--/--^ mice. In addition, because CD26 plays important roles in both skin transplantation and wound healing, the extent to which wound healing affects graft survival/rejection in CD26^--/--^ mice after allogeneic skin transplantation should also be clarified.
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